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ABSTRACT

Conducting polymer (CP) and hydrogel based controlled drug delivery system, responsive to pH
and external electrical signaling is developed, characterized and tested. In this system,
polypyrrole (CP) is incorporated within a polyacrylamide hydrogel network along with the anti-
psychotic drug Chlorpromazine. PPy based drug delivery systems have the potential to offer
unique benefits to patients where the release rate of the drug can be tailored to meet the dosing

requirements as per patient’s compliance.

Polypyrrole (CP) and polyacrylamide-sodium alginate hydrogel are synthesized and
characterized using SEM, TGA/DTA, FTIR, XRD; Point of zero charge, water retention and pH
responsive swelling characteristics are determined for the synthesized hydrogel and CP. Drug
release by diffusion as well as by electrical stimulus at different pH conditions, are investigated.
The release profiles are characterized using known mathematical models for drug release. This

system has the potential for sustained release of the drug.

Polyacrylamide-sodium alginate hydrogel exhibits pH responsive maximum drug release at
slightly alkaline (pH 7.4) environment. Use of PPy along with polyacrylamide-sodium alginate
hydrogel enables one to enhance the drug release rate upon electrical stimulation especially in
the acidic pH environment. Also, cyclic voltammetry induced zero order linear release
characteristics are achieved using Conducting polymer PPy. Without any electric stimuli, drug
release through Polyacrylamide-sodium alginate hydrogel follows diffusive mechanism and

release characteristics are best fitted with Higuchi model.

Keywords: polypyrrole, drug, hydrogel, controlled drug delivery, electrical stimulus, pH

responsive
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1. INTRODUCTION:

Controlled drug delivery systems are dosage forms (tablet, capsules, injection, implant) designed
to release therapeutic agents at a predetermined rate to a specific target in the body. The primary
method of accomplishing this controlled release has been by incorporating the therapeutic agents
within biocompatible polymers. In recent years, polyacrylamide hydrogels have been used for
several applications like artificial implants, dialysis membrane, and controlled drug release
system [1].

The circulating blood in our body is separated from the brain and extracellular fluid in the central
nervous system by the presence of a semipermeable barrier called the blood-brain barrier. This
barrier is made up of endothelial cells in tight junctions. Such tight junction selectively allows
the passage of only small molecules. Thus in cases where therapeutic agents are targeted to
specific regions of the brain, the blood-brain barrier hinders the delivery of drugs/antibodies in
required dosage. Conventional dosage forms fail to produce the desired therapeutic effect in such
areas. One of the proposed ways to deliver drug behind the blood-brain barrier is by using

intracerebral implant [2].
Advantages of controlled drug delivery methods:

The following advantages of a controlled drug release system makes this a very sought
after research arena.

e Prolonged therapeutic effect can be achieved.

e Predictability of the drug release profile rate of drug delivery at a pre-determined

rate both locally and systematically.

e Improved patient convenience

e Reduction in fluctuation in steady state level

e Increased safety margin of high potency drugs

e Overall reduction in total healthcare cost. [3]

Types of Drug Release Systems: [4]
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A. Rate programmed drug delivery system- The drug is released at a programmed release rate.
They are further subdivided into subclasses-

1. Dissolution drug delivery system- It is designed such that the drug or the matrix/ membrane

has slow dissolution rate.

2. Diffusion drug delivery system- Consists of porous matrix/membrane controlled system
3. Erosion drug delivery system- Drug is released via surface erosion.

B. Stimuli activated drug delivery system-

1. Activation by physical process- like temperature, electric field etc. [5]

2. Activation by chemical process

3. Activation by biological system

1.2.  Diffusion controlled Drug Delivery Systems

Most drugs are transported across membrane by passive diffusion. The transport stream Q
depends on the diffusion constant of drug in lipid material D, the surface area A, the partition
coefficient K, the membrane thickness "h" and the concentration Co and C; on both sides of the

membrane.
Q=DXAXK(Co—C)/h - (1.1)

Diffusion can be defined as a process by which molecules transfer spontaneously from one
region of higher concentration to another with relatively lower concentration in such a way as to
establish thermodynamic equilibrium. The driving force for diffusion is the concentration
gradient. The migrating molecules, diffusants migrate across the diffusional barrier (diffusion
matrix or membrane) through the medium. The equations were put forth by Fick as an analogy to
the heat-conduction equation developed by Fourier. The theory of diffusion hypothesizes that the
flux J or rate of diffusion (amount Qt in time t) through a unit area of a diffusional barrier section
is proportional to the concentration gradient normal to the section. This is Fick’s first law, with

the proportionality constant D termed diffusivity or diffusion coefficient.
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1.3 Drug release from electric current sensitive polymers: Stimuli sensitive hydrogels have
the potential for application in modulated drug delivery because these polymers not only respond
to external stimuli, but also can be fabricated to control the release rate of drugs [6]. External
signals that have been used in pulsatile drug release system are ultrasound, temperature,
magnetic field, photo irradiation and electric field. From a practical point of view, electric
signals would be the most convenient. [7]

Electrical signals are easy to generate and control. Electrical stimuli have been successfully
utilized to trigger the release of molecules via conducting polymeric bulk materials or
implantable electronic delivery devices. Electric current sensitive hydrogels are usually made of
polyelectrolytes and an insoluble, but swellable, polymer network which carries ions. [8]

In electricity driven release systems, the main constituents are a polymeric network (hydrogel) to
hold the drug, a bio-compatible conducting polymer (to conduct electricity) and a dopant (drug).

Conducting polymers (CPs) have attracted much interest as suitable biological compatible
polymer matrix in which a number of drugs and enzymes can be incorporated (loaded) by ways
of doping and hence have found use in enhancing the stability, speed and sensitivity of various
biomedical devices. Moreover, CPs are inexpensive, easy to synthesize and versatile because

their properties can be readily modulated by

(i) surface functionalization methods and (ii) the use of a wide range of molecules that can be
entrapped as dopants. This ability of the CP to induce various cellular mechanisms widens its

applications in medical fields and bioengineering.

Conducting polymers have the ability to undergo reversible red-ox reaction under the stimulus
of an electric potential. The doped polymer film can be electrically switched between the
oxidized state and the reduced state [9]. The red-ox reaction involves subsequent charging and
discharging of the CP and is further accompanied by the movement of hydrated dopant ions in
and out of the bulk. Utilizing these features, research have been made to design release systems
in which conducting polymers can be loaded with chemical substances (drug, growth factors,
enzymes etc.) and the loaded dopants can be released in response to external electrical signaling.
Polypyrrole (PPy) and its derivatives are among the most widely used conducting polymers [10]

in biomedical applications due to their bio compatibility and customizability. [11-16]. Miller et
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al. [12] observed that glutamate and dopamine can be released from a PPy membrane using
potential control. Pyo et al. [13] have demonstrated that adenosine 5’-triphosphate (ATP) can be
released from a polymer membrane in a controllable manner. A composite PPy film was used by

Hepel and Mahdavi [14] for the controlled release of cationic drug Chlorpromazine.

From the chemical structure of a polypyrrole molecule, it is seen that it consists of a five- carbon
pyrrole ring attached to amine group. The structure is resonance stabilized because of =-
electrons. ‘Hoping mechanism’ of these electrons in polypyrrole is responsible for conducting
electricity. Upon successful doping of the polypyrrole structure, the forbidden band between the
valence band and the conduction band is substantially reduced giving rise to increased electrical
conductivity. Thus, bio compatible agents which can act like dopants can be loaded in
polypyrrole for efficient therapeutic outcome.

Polymers as biomaterial for delivery systems

A range of materials have been utilized to control the release of drugs and other bio-active

agents. Only biopolymers can be used for such medical purpose.

To be successfully used in controlled drug delivery formulations, a material must be chemically
inert and free of impurities. Some of the materials that are currently being used for controlled

drug delivery include

+ Poly(2-hydroxy ethyl methacrylate), poly(N-vinyl pyrrolidone), poly(methyl methacrylate),

poly(vinyl alcohol), poly(acrylic acid), polyacrylamide, poly(ethylene glycol), poly(meth acrylic
acid).

In recent studies, a blend of CP-hydrogel has been the chosen for drug release and delivery
research [15]. The combination of the swelling properties of hydrogels [16] and the conductivity
of conducting polymers [17, 18] provide many merits to a controlled drug release system.
Hydrogels are polymer networks, capable of storing large amounts of water in their three-
dimensional network without dissolving in water. The ability of hydrogel to store water is due to
the presence of hydrophilic functional groups in their polymeric backbone while their crosslinks

between network chains makes them resistant to dissolution.
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Similied to naturally occurring tissue hydrogels are flexible in nature due to large water content
making them highly bio compatible. [19]

Classification of Hydrogel According to Polymeric Composition:

a. Homopolymeric hydrogel- polymer constituting of single type monomer species. [20]

b. Copolymeric hydrogel- two or more different monomer species make up this type of
polymer with atleast one monomer being hydrophilic. [21]

c. Multipolymer interpenetrating polymeric hydrogel- made of two independent cross-
linked polymers. One of the polymer is cross-linked while the other is not.[22, 23]

Polyacrylamide is a co-polymer because it is made of acrylamide and acrylic acid.
Polyacrylamide hydrogel is safe for delivering drugs owing to its biocompatible nature and
hence does not cause toxicity at the tissue level. [24] The natural flexibility in living tissues is
mimicked by polyacrylamide hydrogel by its ability to hold large amounts of water in its
network. Presence of hydroxyl groups (-OH) in its polymeric backbone makes them highly

hydrophilic and allows them to take up large amounts of water, forming hydrogel.

Polymer Matrix Formation
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Fig. 1.1 Schematic of drug loading and release from polymer matrix
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Desired biopharmaceutical characteristics of drug to qualify for control drug delivery: [25]

Molecular weight or size - Small molecules may pass through pores of a membrane by

convective transport.

Solubility for all mechanisms of absorption- the drug must be present at the site of absorption in

the form of solution.

Apparent partition coefficient (APC) - Drugs being absorbed by passive diffusion must have a
certain minimal APC. The APC must also be applied for partition of the drug between CRDDS
and the biological fluid.

1.4. Chlorpromazine as the chosen drug in a controlled delivery system.

Chlorpromazine is an anti-psychotic medication used primarily to treat psychotic disorders such
as schizophrenia, bipolar disorder etc. It can be given by injection and oral intake. It acts as a
dopamine antagonist [26]. Chlorpromazine being a mobile cationic molecule can move from the
polymer during redox switching [27]. In pharmacokinetic terms, the bioavailability of
chlorpromazine varies from 10-80% person to person when taken orally. The drug has a half-life
of about 30hours and is excreted through urine (43-65% in 24hrs). Its high degree of lipophilicity
allows it to be detected in urine even after 18months. It has a molar mass of 318.86g/mol (free
base) and 355.33g/mol (hydrochloride). The chemical structure of chlorpromazine shows a —Cl
group, which is released in aqueous solution thereby rendering the molecule positive charge

overall.

|
/N\/\
N Cl

Figl.2. Schematic of molecular structure

of chlorpromazine.
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1.5. Modeling Drug of Release profile

In the present work, some analytical models were used to study the mechanism of drug release of

extended release by following models.
Zero order [28]

Drug dissolution from pharmaceutical dosage form that doesn’t disaggregates and release the

drug slowly can be represented by the following equation
Qo — Q¢ = Kot e 1.2

Where,

Qt =amount of drug released in time t

Qo= initial amount of drug in solution

Ko =zero order release constant

Application:

Pharmaceutical dosage forms following this profile release the same amount of drug per unit of

time and it is ideal method of drug release in order to achieve prolonged pharmacological effect.
First order model [29]

In this model the decimal logarithm of amount remaining in the matrix VS time will be obtained.

It indicates first order release and expressed by following equation
logQ,; = logQ, + (K;.t/2.303) - 1.3

where,

Qt = amount of drug released in time t

Qe = initial amount of drug in solution




12| Page

Ki = first order release constant
Higuchi model [30]

Higuchi developed several models to study the release of water soluble and low soluble drugs
incorporated within solid matrices; mathematical equations were obtained for drug particles
dispersed in a uniform matrix behaving as diffusion media. This model describes the drug release

characteristics as a diffusion process based on Fick’s law by using the formula

Q. =KHVt - (1.4)
Where,

Q:t = amount of drug released in time t
KH=Higuchi Constant

\t =dependent square root of time

Application: Higuchi model can be used to describe the drug dissolution of several types of
modified release dosage forms as in the case of transdermal systems and matrix tablets with

where the drug has low solubility.
Hixson-Crowell model [31]

Hixson-Crowell recognized that the particle regular area is proportional to the cube root of its

volume derived the following equation:

W1/3 _ Wl/

0 t

= K¢t - (1.5)

Where,

Wo = initial amount of drug in the pharmaceutical dosage form

W: = remaining amount of drug pharmaceutical dosage form at time t

s = constant incorporating the surface volume relation.
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Application: The model describes the release of dose from system where there is change in
surface area and diameter of particle/tablet.




Chapter 2:

Literature Review
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Authors name/Journal
name/volume/year/page/Title

Drug used

Conclusion

M.Hepel,F.Mahdevi,
Microchem.J.56(1997)54

“Application of the Electrochemical Quartz
Crystal Microbalance for Electrochemically
Controlled Binding and Release of
Chlorpromazine from Conductive Polymer
Matrix”

Chlorpromazine
Used in the treatment of
Schizophrenia,nausea,vom
iting,chronic hiccups etc.

No leaching out of melanin
incorporated during the
polymerization process of pyrrole
and no deterioration of such
composite films were observed
even after fifty potential cycling.
[14]

Masayuki Yokoyama, Glenn S. Kwon,
Teruo Okano, Yasuhisa Sakurai, Takashi
Seto,f and Kazunori Kataoka.

Adriamycin
Used for slowing
or stopping the growth of

Obtained conjugates showed higher
water solubility irrespective of
large amount of conjugated

Bioconjugate Chem. 1992, 3, 295-301 295 cancer cells. Adriamycin and formed micellar
structures with a hydrophobic core
“Preparation of Micelle-Forming Polymer- and hydrophilic outer shell. [32]
Drug Conjugates”
Shasha Honga, Zengbo Li a, Chenzhong Li Doxorubicin Equilibrium at 5hr

b, Chuan Donga, Shaomin Shuanga.
Applied surface Science.VVolume
427,PartB,(2018)1189-1198

“Cyclodextrin grafted polypyrrole magnetic
nanocomposites toward the targeted
delivery and controlled release of

Used in treatment of
blood, bone, breast,
ovaries, testicles, thyroid,
head and neck, bladder,
stomach and soft tissues,
Hodgkin's disease, lung
cancer, non-Hodgkin's
lymphoma, Wilm's

adsorption capacity reached 447
mg/g (pH 7.4 and a DOX
concentration of 0.7 mg/mL), at pH
5.0, 27.0% of DOX were released
in 24 h. [33]

doxorubicin” tumour and
neuroblastoma.
Kyo“sti Kontturi, Pa“ivi Pentti, Go"ran Salicylate 5% spontaneously released during

Sundholm *
Journal of Electroanalytical Chemistry 453
(1998) 231-238
“Polypyrrole as a model membrane for
drug delivery”

Used as an analgesic and
antipyretic drug

21 h into an aqueous solution of 0.1
M NaCl for all film thicknesses
studied. [34]

Kashma Sharma a , Vijay Kumar a, * ,
Babulal Chaudhary b, B.S. Kaith ¢,
Susheel Kalia d , H.C. Swart .
Polymer Degradation and Stability
124(2016) 101-111
Application of biodegradable
superabsorbent hydrogel composite based
on Gum ghatti-co-poly(acrylic acid-aniline)
for controlled drug delivery

Amoxicillin trinydrate
Used in treating peptic
ulcers.

104ppm initial release at 2hr
interval in basic medium. [35]
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Kyo“sti Kontturi, Pa“ivi Pentti, Go"ran
Sundholm *

Journal of Electroanalytical Chemistry 453
(1998) 231-238
“Polypyrrole as a model membrane for
drug delivery”

Tosylate
Treatment of infections of
the urinary tract,
Gonorrhea, Otitis media
and other conditions.

Drug could be released in a
controllable way from the PPy
membrane. [36]

Suparna Saha, Priyabrata Sarkar, Mrinmoy
Sarkar, Biplab Giri
Royal Society of Chemistry Advances 5,
(2015) 27665
“Electroconductive smart polyacrylamide—
polypyrrole (PAC-PPY) hydrogel: a device
for controlled release of risperidone.”

Risperidone
Atypical anpsychotic used
in the treatment of
symptoms of bipolar
disorder and
schizophrenia

Drug release kinetics were
conducted in 900 mL of 0.1 N HCI
(pH 1.2) and 900 mL of phosphate
buffer (pH 6.8 and pH 7.4) kept at

thermostatically controlled

temperatures of 37 C using a stirred
apparatus run at 100 rpm. [37]

Richard Justin, Bigiong Chen.
Carbohydrate polymers 103(2013)70-80

“Characterisation and drug release
performance of biodegradablechitosan—
graphene oxide nanocomposites.”

Fluroscein sodium

Optimum combination of strong,

efficient and fast delivery of drug

was obtained for 45.6 wt% loaded
sample. [38]
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Chapter 3:
Aim and Objective
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3.1. The main aim of this work is-

pH and electrical stimuli responsive controlled release of drug entrapped within a hybrid system
of conducting polymer and hydrogel

3.2. The specific objectives of this work are-
1. Synthesis of conducting polymer Polypyrrole
2. Synthesis of Chlorpromazine (drug) loaded Polyacrylamide-Sodium alginate hydrogel

3. Synthesis of Chlorpromazine (drug) loaded Polypyrrole-Polyacrylamide-Sodium alginate
hybrid system

3. Characterization of synthesized materials by PZC Analysis, Swelling Ratio, XRD, FTIR,
SEM, TGA-DTA, Water retention.

4. Invitro drug release studies with and without external electrical signaling.

5. Fitting of different mathematical models with experimental release data and determination of
drug release characteristics.




Chapter 4:

Experimental Work and
Methodology
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4.1. Synthesis:

4.1.1. Preparation of polypyrrole-

Polypyrrole is a type of organic polymer formed by pyrrole polymerization (oxidation). PPy is an
insulator but its oxidized derivatives act as good electrical conductors. Conductivities range from
2-100 S/cm. Most commonly PPy is prepared by using ferric chloride in methanol.

nCsH4NH + 2FeCls >(CsH4NH), + 2HCI + 2FeCl,

Preparing conductive forms of PPy:

Conductive forms of polypyrrole are prepared by the p-doping of the polymer.
(C4HsNH), + x FeClz > (C4H2NH)Clx + x FeCl>

NH,S,0, = Chemical g fbr
S % Reaction ,N N
h )

Pyrrole
. ; | L,_
J& nbol—— by
L 7 Y [T Joow
H Hn H

Polypyrrole

i

Fig4.1. Schematic showing synthesis of Polypyrrole from pyrrole.[39]

(@) (b)

Fig4.2. Synthesized polypyrrole (a) after synthesis and (b) after drying in vacuum oven
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4.1.2. Synthesis of hydrogel-

Sodium alginate along with polyacrylamide forms hydrogel. Acrylamide mixed with
bisacrylamide forms a cross-linked polymer network when the polymerizing agent, sodium
disulfite and sodium peroxo disulfate (initiators) are added to a homogeneous solution of sodium
alginate in double distilled water. TEMED (N,N,N,N'-tetramethylenediamine) catalyzes the
polymerization reaction by promoting the production of free radicals from ammonium persulfate.

This mixture was divided into two equal sections.

In one part of the mix, the conducting polymer (polypyrrole) along with the drug
(chlorpromazine) was incorporated in this mixture while stirring (C1 synthesis), while the other
half of the mix had only chlorpromazine without the conducting polymer (C3 synthesis). The
beakers were covered with parafilm and further purged with nitrogen gas. The initiators were
added equally to both the mixtures. Both the mixtures were poured into glass fusion tubes with
platinum wires placed at the center of the tubes. The mixture was left to solidify in the tubes at
room temperature. After solidification, the solid mix was taken out from the tubes and placed in
oven for drying at 25°C. The dried hydrogel was placed in desiccator for further experiments.
The hydrogel with PPy incorporated inside was labeled as C1 and the polyacrylamide hydrogel
without PPy was labeled as C3.

EH2=||:H EH2=||:H EHE_EH_GHE_?H_EH'Z_EH_
'f=':' 'f=':' Persulfate f=ﬂ F=':' f=0
NH,  F L NH,, NH NH,
| TEMED |
Acrylamide FHE FH3
MNH I'I-.IHE NH :IH-z
| |
|i_‘,=|j I|j=|:| |i_:=|f_|- JI_;=4_]‘|
CHy =CH CHy— CH— CHy— GH—CHy — CH—

Fig4.3. Schematic representation of polyacrylamide synthesis. [40]

Bisacrylamide

Polyacrylamide




22| Page

A““ 2
93

(a) (b)

Fig4.4. Polyacrylamide hydrogel synthesized in glass fusion tubes (a) PPy incorporated
and (b) without the incorporation of PPy
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4.2. CHARACTERIZATION:

4.2.1.

4.2.2.

4.2.3.

4.2.4.

4.2.5.

X-Ray Diffraction-. The analyzed material is finely ground, homogenized, and average
bulk composition is determined. XRD experiments were performed directly on the
powdered samples using a Ultima I11 Diffractometer.

TGA- TGA of the hydrogel samples were carried out in a Mettler instrument in nitrogen
atmosphere at the scanning rate of 10°C/min in the temperature range of 25 to 600 °C.

FTIR- Fourier transform infrared (FTIR) spectra of the drug loaded and drug free
samples were recorded on a FTIR spectrometer (Perkin Elmer, model-Spectrum-2,
Singapore).

SEM: The morphology of the gels were observed by using SEM (Scanning electron
Microscope, model no. S3400N, VP SEM, Type-Il, made by Hitachi, Japan) with the

accelerating voltage set to 15kV.

Swelling Ratio: Swelling characteristics of the hydrogels were studied in different pH
(pH 1.5, 5, 7.4) at 37°C. 50mg of hydrogel were immersed in each of the three 50 mL
buffer solution. The swollen hydrogels were withdrawn from the solution at different
time intervals (t) and weighed (W) after rubbing excess surface water with tissue paper.
Swelling experiments were continued till the hydrogels reach their equilibrium swelling

values (We). The swelling ratio (SR) was determined by using the following Eqg.

SR(g/g) = Ye¥a e (4.1)

d

At swelling equilibrium W; = We. Thus, Equilibrium swelling ratio (ESR) was obtained from the

above Eqg. by substituting W: with We.
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4.2.6.

4.2.7.

Water Retention: The hydrogel sample was first immersed in water till it reaches its
equilibrium weight (We). Both of the hydrogel samples was then taken out and weighed
at different time intervals (W) till constant weight at a temperature of 25 °C and relative
humidity of 85%. Before each weight the wet gel sample was blotted with tissue paper to
remove excess water. Water retention % (WR) of the gel sample was obtained as

WR% = % NG (1] JE— (4.2)

PZC Analysis: PZC is the pH value at which there is no net electrical surface charge on a
solid substance in an electrolyte solution. When the pH is lower than the pzc value, the
adsorbent surface is positively charged (attracting anions). Conversely, above pzc the
surface is negatively charged (attracting cations).

To determine the pzc value of our synthesized hydrogels, 40ml of buffer solutions
ranging from pH 2 to pH 12 were taken and about 0.1g of both the hydrogels were added
to each buffer solution and the flasks capped. The gel loaded solution was then kept for
48 h to reach equilibrium with occasional shaking. The pH of the supernatant liquid was
measured (pHs). The difference between this initial and final pH (6pH = pHi — pHs) was
plotted against pHi and the point of intersection of the curve at 5pH = 0 gives the value of
PZC for the hydrogel.




25| Page

4.3.

4.3.1.

4.3.2.

INVITRO DRUG RELEASE STUDIES:

The release of the anti-psychotic drug Chlorpromazine from the hydrogel samples were
carried out with the help of both electrical signal and without the same.

Drug release without using electrical signal- Invitro drug release of chlorpromazine
from the hydrogel samples was carried out at 35°C using a magnetic stirrer at a rotation
speed of 50rpm in 50ml buffer solution (pH 1.5,5.0,7.4) for 7-8hr. At time intervals of
30mins, 5ml of solution containing the released drug was withdrawn while
simultaneously 5ml of fresh solution was added to keep the volume constant. The
concentration of drug in the withdrawn solution was analyzed by UV/Vis
spectrophotometer (Perkin Elmer Lambda 25, USA) at 253.5nm using a calibration curve

constructed from a series of chlorpromazine solutions of known concentrations.

Drug release by electrical stimulation- The release of Chlorpromazine from
polyacrylamide-polypyrrole hydrogel was triggered using cyclic voltammetry in an
Autolab-PGSTAT302N where polypyrrole encapsulated polyacrylamide hydrogel
(platinum wire inserted) was used as the working electrode, calomel as the reference
electrode and platinum wire as the counter electrode. The voltage was swept from -0.8 to
+1.2 V with a scan rate of 100mV/s. The experiment was carried for about 8hrs. The
amount of Chlorpromazine released was quantified by measuring absorbance at 253.5nm

in a UV/Vis spectrophotometer.
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Fig4.5. Schematic representation
of electrode setup for cyclic
voltammetry

(a) (b)

Figd.6. Electrodes used in cyclic voltammetry (a) Calomel electrode as the
reference (b) Platinum wire as counter electrode (c) Drug loaded hydrogel sample
as working electrode.

(c)
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5.1: Characterization Study of the Hydrogel-

5.1.1: X-Ray Diffraction: The polyacrylamide hydrogel is formed by in situ polymerization
of acrylamide in presence of sodium alginate and because of chemical bond formation due to
the hydroxyl groups; crystallinity is reduced in its structure [41]. Sodium alginate shows
crystalline peaks at 20 of 19°, 22° and 34° [42] whereas the hydrogels (C1 and C3) show only
singular peak at 20 of about 21.14° [43]. The hydrogels thus formed are amorphous in

structure.

1400
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1 C3
1200
M —ct
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200
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20

Fig5.1. XRD- analysis of sodium alginate, PPy incorporated hydrogel (C1)
and Hydrogel without PPy (C3)

5.1.2: Differential thermal analysis and thermogravitametry analysis: The DTA and
TGA of Sodium alginate, Hydrogel without PPy (C3) and hydrogel with incorporated PPy
(C1) are shown in the fig. In terms of DTA, it is seen from (i) that Sodium Alginate shows
peaks at around 87°C owing to water loss [44]. Peak at 162°C corresponds to its
recrystallization [45] and at 228°C and 257°C corresponds to its degradation. Both the
hydrogels, C1 and C3 show a similar kind of DTA profile with peak at 298°C. From the TGA
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plots, we see that splitting of the main chain caused by thermal decomposition of the
polymers has lead to weight loss in different temperature regions [46]. Maximum weight is

lost at melting temperatures. Segments of mannuronic acid and glucuronic acid melts at 100-

225°C causing melting and degradation of sodium alginate. [47]

[ ——DTA-NaAlg
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Fig 5.2. TGA-DTA plots of (a) Na-Alginate (b) PPy incorporated hydrogel and (c) Hydrogel
without PPy
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5.1.3. FTIR Spectroscopy: FTIR Spectra of drug loaded PPy incorporated hydrogel (C1D),
Ppy incorporated polyacrylamide hydrogel (C1) and polyacrylamide/sodium alginate
hydrogel without Ppy (C3) is shown in fig. Sample C3 shows characteristic peaks at
3432 cm™ due to N-H stretching vibration and at 1632 cm™ signifying the presence of
C=0 stretches.[48] Sample C1 shows peaks at 3420cm™, 2346cm™ and 1615cm™
showing N-H symmetric and asymmetric stretch, C=N stretch and C=0O stretch
respectively [49]. Sample C1D gives absorbance peaks at 2675°™! and 1398 due
to O-H stretch and C-N resp. [50]
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Fig5.3. FTIR Analysis of PPy incorporated hydrogel, drug loaded PPy incorporated Hydrogel
and hydrogel without PPy.

5.1.4. Scanning Electron Microscopy:
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(c) (d)
Fig.5.4. SEM images of (a) PPy incorporated hydrogel (b) Drug loaded PPy incorporated
hydrogel (c) Hydrogel without PPy and (d) Drug loaded in hydrogel without PPy.
The surface morphology of the samples clearly shows interconnected network and porous
channels in (a) and (c) and that further drug can be incorporated (loaded) inside these. The
porosity of the structure was greatly reduced due to chlorpromazine loading in the samples as
shown in (b) and (d).

5.1.5. Swelling Ratio: Drug release properties of hydrogels strongly depend on its swelling
characteristics. All of these swelling experiments were performed in buffer solutions
of pH 1.5, 5.0 and 7.4. We see from the results that both the hydrogels (C1 and C3)

swell most in pH 7.4.
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Fig5.5. Swelling characteristics of (a) PPy incorporated hydrogel C1 and (b) Hydrogel without PPy
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5.1.6. Water Retention: Equilibrium weight, We of C1 and C3 are 11.745g and 15. 395¢
respectively. The constant weight, W; of C1 and C3 are 7.833g and 10.361g
respectively. Therefore, water retention of C1 and C3 as per the given formula is

66.69% and 67.3% respectively.

5.1.7.

PZC Analysis: The difference between final pH (pHf) and initial pH (pHi) of the
solution (pHf—pHi) is plotted against initial pHi for both of the hydrogels.. Depending
on the pH of the solution hydrogel surfaces will be positively charged for pHi <

pHPZC, negatively charged for pHi > pHPZC or neutral for pHi = pHPZC.

From Fig.5.6 it is observed that pHPZC of the PPy incorporated hydrogel in water is
3.5 which is 3.15 for hydrogel without PPy. Adsorption of the drug will be favored at

solution pH > pHPZC.

0.8

—a— |nitial pH-Final pH of C1 |
—e— Initial pH-Final pH of C3

0.6

0.4

0.2

0.0

-0.2

Difference between initial pH and Final pH

» -

T L2 T

Fig5.6. PZC Analysis of PPy
incorporated hydrogel (C1)
and only hydrogel (C3)

2 6 8 10 12
Initial pH
Drug delivery | PZC Equilibrium | Equilibrium | Water
system Swelling Swelling Retention
Ratio at 7.4 | Ratio at 1.5
pH pH
C1(hydrogel 3.5 8.96772 3.029412 66.69
with PPy)
C3 (Hydrogel) |3.15 6.31667 3.056338 67.3
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5.2: Invitro Drug release study:

The drug release of chlorpromazine from both the hydrogels was performed in three different
buffers of pH 1.5, 5.0, 7.5 under electrical stimulation and without it. The cumulative drug
release concentration was obtained from a calibration curve made by obtaining absorbance of

varying concentrations of aqueous solution of chlorpromazine spectroscopically.
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Fig. 5.7 Calibration curve of Chlorpromazine
Drug (released) Concentration based on buffer solution volume: [Cd]o
Drug (remaining) % = {Mioaded-[Cd]bVb}x100/M oaded

5.2.1: Drug release without electrical stimulation- Chlorpromazine release from both the
hydrogels was conducted in 50ml of buffer of pH 1.5, 5.0, 7.5 using a stirred apparatus
(magnetic stirrer) run at 100rpm in constant room temperature of about 35°C. From these graphs
( Fig5.8 a-c) we see that drug release is higher from the PPy incorporated hydrogel (C1) for the
same time period. pH 7.5 gives the maximum chlorpromazine release for constant room

temperature.
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(i) Release at pH 1.5:
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(i) Release at pH5.0
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(iii) Release at pH7.4
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Fig5.8. Figure showing cumulative drug release without electrical stimulation at (a) pH1.5 (b)
pH5.0 (c) pH7.4

The amount of drug released without electrical signaling is maximum in pH 1.5.

5.2.2: Drug release by electrical stimulation- The effect of potential on chlorpromazine release
was ascertained by voltammetric study from -0.8V to +1.2V at the scan rate of 0.1V/s because
the crossover points from anodic to cathodic currents has been found to lie within this window.
The process was run for about 500cycles each time for about 3 times per sample. The released
chlorpromazine (D1) was measured by UV absorbance at 235.5nm. The Characteristic Cyclic
Voltammetry plots are shown below- (i) Release from C1 (ii) Release from C3
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M Release at pH1.5
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(iii) Release at pH7.4
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Fig.5.9 Cumulative drug release under stimulation at (a) pH 1.5 (b) pH5.0 (c) pH7.4
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In case of electrical stimulation, pH 7.4 shows maximum release of chlorpromazine.
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Fig.5.10. Cyclic voltammetry plots of (a) PPy incorporated hydrogel (b) Hydrogel without PPY

5.3: Comparison between Chlorpromazine releases with and without the aid of external

electrical signaling-

5.3.1. Comparative release from the PPy incorporated hydrogel (C1) —

(1) Release at pH 1.5
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(i) Release at pH 5.0
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Fig5.11. Comparative analysis of drug release from PPy incorporated hydrogel with and without
electrical signal (a) at pH1.5 (b) at pH5.0 and (c) at pH 7.4

Drug release with external electrical stimulation shows enhanced release rates; almost linear fit.
The PPy in this hydrogel is responsible for increased reaction rates; 3 times at pH 1.5,
approximately 2 times for pH 5.0 and for pH 7.4 slightly less than 2 times.
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5.3.2. Comparative release from the hydrogel (C3)-

(1) Release at pH 1.5

(iRelease at pH 5.0
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(iii)Release at pH7.4
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Fig. 5.12 Comparative drug release form hydrogel without PPy at (a) pH1.5 (b) pH5.0 and (c)

pH7.4

Due to absence of any conducting polymer, the rate of drug release (slope) remains almost
unchanged on applying electrical stimulus for pH 5.0 and 7.4. But for pH 1.5, drug release is
enhanced by almost 2 times upon electrical stimulation.
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5.4: MATHEMATICAL MODELS FOR DRUG RELEASE:

5.4.1. First Order Release- This can be used to describe the drug dissolved in
pharmaceutical dosage forms like those containing water soluble drugs in porous
matrix. The data obtained are plotted as log cumulative percentage drug remaining
versus time, which gives a straight line with slope = K/2.303, where K is the first

order rate constant.

5.4.1.1. Release without external electrical signal-
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(iii)  Release at pH 7.4
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Fig.5.13. First order drug release without electrical signaling at (a) pH1.5 (b) pH5.0 (c) pH7.4

Without electrical signal, release at pH1.5 is most fitted for first order release closely followed
by the release at pH 7.4

5.4.1.2.  Release with the help of electrical signal-

Q) Release at pH 1.5
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(1) Release at pH5.0
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Fig.5.14. First order drug release with electrical signaling at (a)pH1.5 (b) pH5.0 (c)

pH7.4

When aided by electrical signal, drug release at pH 7.4 follows first order Kinetics,

closely followed by release at pH 1.5

Kc1=-9.8593*10-05 min™

Kcs=-1.0416*10-04min™
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5.4.2.

Hixson-Crowell Model- This model is used to describe drug release from a system
prone to surface area change after the release. The plot is made between the cube root

of drug percent remaining in matrix with time.

5.4.2.1. Drug release without voltage-
(1) Release at pH1.5
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(iii)  Release at pH7.4
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Fig.5.15. Hixson-Crowell drug release without electrical signaling at (a) pH1.5 (b) pH5.0
(c)pH7.4

From this plots, it is inferred that without electrical signal release at pH 1.5 is most fitted to this
model.

5.4.2.2. Drug release with external electrical signal-

Q) Release at pH 1.5
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(1) Release at pH 5.0
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Fig.5.16. Hixson-Crowell drug release with electrical signaling at (a) pH1.5 (b) pH5.0

(c) pH7.4

When the drug release is due to electrical signal, pH 7.4 is best fitted for this model.
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5.4.3. Higuchi Model drug release- By using this model dissolution of drug from dosage

forms like matrix tablet with water soluble drugs are studied by maintaining perfect

sink condition in the release environment. Data obtained were plotted as cumulative

percentage of drug release from the hydrogel matrix with square root of time.

5.4.3.1.
(i)

(i)

Drug release without voltage-
Release at pH 1.5

30

m  C1 without voltage
e C3 without voltage
Linear fit C1 without voltage
Linear fit C3 without voltage

254

204

2
- R’ =0.9781

10
R’ =0.9847

Cumulative percent drug
release at pH1.5

0 10 20 30 40

Square rt time (min)

(a)

Release at pH 5.0

®  C1 without voltage
20 e C3 without voltage
Linear fit C1 without voltage
Linear fit C3 without voltage

-
(3]
1

Cumulative amount drug
release at pH 5.0
=
=)
1

T T Y T ) T X
0 10 20 30 40
Square rt time (min)
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(i)  Release at pH 7.4

= C1 without voltage
20 e C3 without voltage
Linear fit C1 without voltage
Linear fit C3 without voltage

=
L4
1

2 _
R =0.9904 R? = 0.98205

Cumulative percent drug
release at pH 7.4
=
1

Square rt time (min)

(c)
Fig.5.17. Higuchi drug release without voltage at (a) pH1.5 (b) pH5.0 (c) pH7.4
Both pH 7.4 and 1.5 are both equally suited to this model of drug release profile.

5.4.3.2. Drug Release with external electrical signal

Q) Release at pH1.5

16 - = C1 (with voltage)
® C3 (with voltage) oo
Linear fit C1(with voltage)
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12
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(a)




48| Page

(i) Release at pH5.0
S 25
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Fig.5.18. Higuchi drug release with electrical signaling at (a) pH1.5 (b) pH5.0 (c) pH7.4

pH 1.5 is the best fit for this model when the system is supplied with external electrical signaling
for drug release.

Drug release profiles without electrical stimuli are best fitted with Higuchi model.
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Table5.1 R? values at pH 1.5 with electrical stimulation

Hydrogel Zero order First order Hixson-Crowell Higuchi
Cl 0.9649 0.9526 0.9526 0.9357
C3 0.9841 0.9838 0.9835 0.8763
Table5.2 R? values at pH 5.0 with electrical stimulation
Hydrogel Zero order First order Hixson-Crowell | Higuchi
Cl 0.9263 0.9319 0.9277 0.9135
C3 0.9841 0.9373 0.9386 0.8704
Table5.3 R? values at pH 7.4 with electrical stimulation
Hydrogel Zero order First order Hixson-Crowell | Higuchi
Cl 0.9882 0.9859 0.9863 0.8659
C3 0.9179 0.9921 0.9925 0.8771
Table5.4 R? values at pH 1.5 without electrical stimulation
Hydrogel Zero order First order Hixson- Crowell | Higuchi
Cl 0.9359 0.9711 0.9702 0.9781
C3 0.9765 0.9701 0.9686 0.9847
Table5.5 R? values at pH 5.0 without electrical stimulation
Hydrogel Zero order First order Hixson-Crowell | Higuchi
Cl 0.9243 0.7934 0.8013 0.9088
C3 0.9463 0.8089 0.7861 0.9036
Table5.6 R? values at pH 7.4 without electrical stimulation
Hydrogel Zero order First order Hixson-Crowell | Higuchi
Cl 0.9222 0.9459 0.9424 0.9904
C3 0.9733 0.9436 0.9394 0.98205
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Chapter 6:

Conclusion
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Hydrogel incorporated with polypyrrole as the conducting polymer was developed which
enabled the invitro electrochemical release of Chlorpromazine loaded inside with and
without the aid of external electrical signal.

The release profile revealed that the maximum amount of drug release was seen at pH
1.5. This is significant because, in case of many disorders due to presence of foreign
pathogens or secretions the physiological pH of the localized tissue turns acidic. Such
delivery systems can be employed to release the drug locally to areas of acidic pH.

For the hydrogel without conducting polymer, maximum rate of drug release is achieved
at pH7.4.

In case of hydrogel without conducting polymer, the rate of drug release remains almost
unaffected upon electrical stimuli for pH 5.0 and 7.4. But for pH 1.5, drug release rate is
almost twice enhanced upon applying electrical stimuli.

In case of CP-hydrogel hybrid system, electrical stimuli enhance the drug release; almost
3times at pH 1.5, two times at pH 5.0 and slightly less than two times for pH 7.4.
However with electrical stimulation, the percentage enhancement of rate of release
becomes maximized at the lowest pH value of 1.5.

Therefore, use of PPy enables one to enhance rate of drug release with electrical stimuli
and thus enables shifting of pH sensitivity: maximum drug release occurs at acidic pH
which is in contrary to the maximum release through hydrogel in the slightly alkaline
condition.

Also, on comparing the release data obtained with only diffusion to those under electrical
stimulus, it is seen that the amount of drug released is more in case of electrical stimulus.
Higuchi model is best fitted for drug release without electrical signaling.

Drug release from the polymer matrix by electrical stimulation follows linear order

characteristics at any pH.
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This system can be potentially engineered to be used as an injectable implant and hence the side-
effects of the conventional method of drug administration prescribed for psychotic ailments can

be substantially lowered.
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